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Figure S1.  Number of documents for various RNA types applied in medical studies in the years of 1995-
2020, categorized by the type of diseases
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Figure S2.  Top companies with RNA therapeutics and vaccines in clinical trials

Figure S3.  Frequencies of various types of modifications on RNA sequences obtained from the CAS Content 
Collection and their distributions with respect to disease types
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Figure S4.  Frequencies of various types of modifications on RNA sequences acquired from the CAS 
Content Collection and their distributions with respect to specific diseases

Figure S5. The cooccurrence of RNA modifications on the same sequences
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Figure S6.  Document numbers per year related to modified RNAs. Data were obtained from a SciFindern 

search



S6

Figure S7. Modified and rare nucleosides. R = D-ribose.
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Table S1.  Timeline of the RNA-related advances and milestones

Year      RNA-related advances and milestones

1961 Discovery of messenger RNA 1

1961 Elaboration of protamine-complexed RNA delivery to increase RNA infectivity 2

1963 Discovering of interferon induction by foreign mRNA 3

1969 First protein produced via in vitro translation of mRNA in living cells 4, 5

1975 Discovery of mRNA cap (highly methylated modification of the 5′ end) 6, 7

1978 Liposome-entrapped mRNA delivery into mouse lymphocytes 8, 9

1978 Inhibition of respiratory syncytial virus (RSV) using antisense oligonucleotides 10

1984 mRNA synthesized in lab by SP6 in vitro transcription of cloned cDNAs by RNA polymerase 11

1989 Development of cationic lipid-mediated mRNA delivery 12, 13

1990 In vivo injection of mRNA into skeletal muscle of mice led to protein expression 14

1992 Intrahypothalamic injection of vasopressin mRNA to rat brain corrects diabetes insipidus 15

1993 First mRNA vaccine for infectious disease tested in mice (influenza) 16

1995 First vaccination with mRNAs vaccine vector encoding cancer antigens tested in mice 17

1996 Dendritic cells pulsed with mRNA found to be potent antigen-presenting cells 18

1997 Merix: first mRNA-based company founded

1998 First antisense RNA drug Fomivirsen for cytomegalovirus retinitis approved 19

1998 RNA interference discovered 20

1999 First antitumor T cell response after injection with mRNA in vivo detected 21

2001 Discovery of interferon induction by dsRNA activated TLR3 22

2001 Initiation of first clinical trial with mRNA using ex vivo transfected dendritic cells 23, 24

2001 Dicer endoribonuclease facilitates activation of RNA-induced silencing complex (RISC), which 
is essential for RNA interference 25

2002 First use of RNAi to destruct HCV in mice  26

2003 siRNA as a therapeutic agent in mammals: RNAi targeting Fas protects mice from hepatitis 27

2004 First RNA aptamer drug pegaptanib approved 28

2004 Discovery of interferon induction by ssRNA-activated TLR7 and TLR8 24

2005 Pseudouridine modification found to stabilize RNA 29
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2006 Fire and Mello win Nobel Prize in Physiology or Medicine for their work on RNAi

2008 First clinical trial based on the direct application of mRNA (melanoma patients vaccinated 
with total tumor mRNA) 30

2008 Development of zinc finger mRNA for gene editing 31

2009 Direct injection (gene gun) delivery of mRNA for human cancer immunotherapy 30

2009 Adoptive immunotherapy using injection of T cells transfected ex vivo with CAR mRNA 32, 33

2010 First clinical trial based on RNAi demonstrating that siRNA administration can result in 
inhibition of a specific target gene in human 34

2011 Protein replacement preclinical study: nucleoside-modified mRNA corrects disease 35

2011 Development of targeted genome editing using TALEN mRNA for gene editing 36

2012 First LNP-formulated mRNA vaccine tested in mice 37

2013 Development of CRISPR–Cas9 mRNA for gene editing 38

2013 Science magazine proclaims cancer immunotherapy as breakthrough of the year

2013 First mRNA vaccine for infectious disease in clinical trial (rabies) 39

2015 First LNP-formulated mRNA vaccine in clinical trial (influenza) 40, 41

2017 Personalized neo-epitope mRNA anticancer vaccine tested in patients with melanoma 42

2018 First siRNA drug Patisiran approved 43

2020 Charpentier and Doudna win a Nobel Prize in Chemistry for their work on CRISPR-Cas9

2020 mRNA vaccines for COVID-19 received EUA 44, 45

2021 mRNA vaccine for COVID-19 received final FDA approval 46
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